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Abstract — The  BaTiOs  is  one  of  the  most  studied  ferroelectric  materials  mostly  due  to  its  great  potential  for 
technological  applications.  Recently,  other  properties  have  been  explored  in  BaTiOs,  such  as 
photoluminescence,  photoacoustic  and  magnetism.  These  characteristics  are  mainly  found  when  replacing  the 
Ba  and  Ti  ions  by  other  transition  metals  or  rare  earths  ions.  The  solid  state  reaction  technique  was  used  to 
prepare  solid  solutions  of  BaTi(i.X)Mnx03,  in  which  the  precursors  BaCOs,  Ti02  e  Mn02  were  weighed  according 
to  desired  stoichiometry,  for  x  between  (0.001  <x  <  0.1)  and  placed  in  the  mill  for  24  hours.  Then,  the  obtained 
solid  solution  was  calcined  at  a  temperature  of  1200  °  C  for  1  hour.  After  calcination,  the  solid  solution 
BaTi(i-X)Mnx03,  were  analyzed  by  X-ray  diffraction,  scanning  electron  microscope  and  by  a  magnetometer 
vibrating  sample  to  verify  the  existence  of  magnetic  properties.  The  results  presented  in  this  work  are 
satisfactory,  where  we  obtained  a  multiferroic  material. 
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I.  INTRODUCTION 


explored  in  the  BaTiOs,  such  as  photoluminescence, 
photoacoustics  and  magnetism,  these  characteristics  are 
mainly  found  when  replacing  Ba  and  Ti  ions  with  other 
transition  metals  or  rare  earth  ions. 


The  study  and  development  of  new  materials  are 
extremely  important  for  the  discovery  of  new  technologies. 
Material  science  is  directly  linked  to  technological 
advances,  and  the  manufacturing  process  is  a  determining 
factor  for  the  properties  of  materials.  Different 
manufacturing  methods  lead  to  different  structural  and 
micro  structural  properties,  which  are  directly  linked  with 
mechanical,  thermal,  electrical  and  magnetic  properties. 


The  method  generally  used  to  obtain  the  BaTiOs  is  the 
solid  state  reaction,  using  as  precursors  BaCOs  and  Ti02, 
this  process  is  realized  at  temperatures  higher  than  1000  °C 
[7].  The  resulting  grains  of  this  synthesis  method  are  not 
uniform  and  have  an  average  size  higher  than  1  pm  [8]. 
Impurities  such  as  Barium  Carbonate  (BaCOs)  and  other 
unwanted  phases  may  appear  during  material  synthesis  [7]. 
Other  methods  of  preparing  the  BaTiOs  are  high  energy 
milling,  sol-gel,  hydrothermal  synthesis  and  pechini  [1,9, 
10].  The  synthesis  method  directly  influences  the  final 
properties  of  the  material.  Substitution  is  one  of  the  forms 
to  modify  the  micro  structure,  structure  and  other  ceramic 
properties  of  BaTiOs  [1].  These  substitutions  are 
determining  factors  for  the  applications  of  these  ceramics 
and  can  be  applied  as  high  voltage  insulators, 
semiconductors,  ferroelectric s  usable  in  the  manufacture  of 
capacitors  and  memories  for  computers  [11].  In  order  to 
improve  the  electrical  properties  of  the  BaTiOs,  Ba  and  Ti 


An  example  of  material  with  great  technological 
application  is  barium  titanate,  BaTiOs.  A  ceramic  material 
whose  main  property  is  ferroelectricity  [1].  The  BaTiOs 
was  one  of  the  first  discovered  materials  to  have  a 
perovskite  structure  and  has  five  solid  state  phases  with 
symmetries:  hexagonal,  cubic,  tetragonal,  orthorhombic 
and  rhombohedral,  which  have  ferroelectricity,  except  for 
the  cubic  phase  [2,  3].  Another  characteristic  of  BaTiOs 
are  the  piezoelectricity  and  the  high  dielectric  constant 
values,  that  are  between  1500  and  2000  [4,  5],  therefore,  it 
can  be  used,  for  example,  in  capacitors,  high  voltage 
insulators,  transducers,  microphones  and  electro-optical 
devices  [1,6].  Recently  some  other  properties  have  been 
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ions  are  replaced  by  other  elements  such  as  Mn 
(manganese)  for  example,  substitutions  may  be  made  in 
the  material  in  the  form  of  ceramic  or  in  the  form  of  thin 
film  [12].  Another  dominant  characteristic  regarding 
substitution  for  BaTiCE,  with  the  Mn  ion  is  to  make  it  a 
promising  candidate  when  aiming  for  magnetic  properties 
after  substitution  [13]. 

Presenting  magnetic  and  ferroelectric  properties  after 
Mn  substitution,  the  material  can  be  classified  as 
multiferroic  and  can  present  magnetoelectric  effects,  that 
is,  appearance  of  a  magnetization  due  to  an  electric  field  or 
appearance  of  an  electrical  polarization  due  to  a  magnetic 
field.  This  effect  makes  multiferroic  materials  extremely 
interesting  for  applications  where  the  same  material  needs 
to  perform  more  than  one  task  and  with  that  a  crescent 
interest  has  been  devoted  to  them.  It  has  also  been  reported 
that  double  substitution  by  two  transition  metal  ions,  Fe 
and  Mn  for  example,  makes  BaTiCE  present  excellent 
magnetic  properties[13]. 

Thus,  this  work  proposes  to  synthesize  through  the 
method  of  synthesis  of  the  post-ceramic  solid  state  of 
BaTiC>3  substitute  Ti  ions  with  Mn  ions,  forming  the 
compound  BaTi(i.X)Mn(X)03,  which  0.001  <  x  <  0.1.  The 
objective  is  to  obtain  a  material  that  presents  in  the  same 
phase  ferroelectricity  and  (anti)ferromagnetism  and  to 
study  the  effects  of  the  substitution  of  Ti  by  the  ions  of  Mn 
in  the  structural,  micro  structural  and  magnetic  properties. 

II.  MATERIALS  AND  METHODS 

Through  the  solid  state  reaction  synthesis  method,  the 
solid  solution  was  obtained  BaTi(i_x)Mnx03,  using  the 
precursors  BaC03,  Ti02  e  Mn02  with  analytical  purity. 

The  stoichiometric  calculations  through  the  molar 
masses  of  the  compounds  were  performed  and  it  was 
possible  to  verify  the  necessary  masses  of  each  precursor 
to  produce  15  grams  of  BaTi(i_X)Mnx03,  where  the  values 
are  presented  in  Table  1,  concentration  varied  in 
compositions  between  0.001  <  x  <  0.1,  which  were  used 
for  the  stoichiometric  calculations. 

Table  1-  Precursor  masses  for  15  grams  ofBaTi(i.X)Mnx03 


calculated  stoichiometric  ally 

MOLAR  MASS 

PRECURSOR  MASS  (g) 


Substitution 

(X=0.001) 

BaC03 

197.335 

10.7058 

TiOi 

79.865 

4.2895 

MnC>2 

86.936 

0.0047 

Substitution 

(X=0.01) 

BaCCE 

197.335 

10.6756 

Ti02 

79.865 

4.2774 

MnC>2 

86.936 

0.0470 

Substitution 

(X=0.03) 

BaC03 

197.335 

10.6701 

Ti02 

79.865 

4.1888 

MnC>2 

86.936 

0.1410 

Substitution 

(X=0.05) 

BaC03 

197.335 

10.6647 

Ti02 

79.865 

4.1004 

MnC>2 

86.936 

0.2349 

Substitution 

(X=0.1) 

BaC03 

197.335 

10.6511 

Ti02 

79.865 

3.8796 

MnC>2 

86.936 

0.4692 

After  the  calculations  were  performed,  the  compounds 
were  weighed  on  an  analytical  balance  with  a  tolerance  of 
±  O.OOOlg  and  mixed  in  a  container.  Then  the  materials 
ware  mixed  with  distilled  water  and  10  mm  diameter 
zirconium  spheres,  in  order  to  fill  the  container  volume. 
The  container  was  sealed  and  taken  to  the  mill  where  it 
rotated  for  24  hours  for  the  purpose  of  mixing  the 
precursors.  The  mixture  was  then  separated  from  the 
spheres  and  put  in  the  microwave  oven  for  periods  ranging 
from  30  to  35  minutes,  enough  to  dry  the  distilled  water  of 
the  composition. 

After  the  drying  process,  the  material  passed  by 
thermic  treatment  (calcination)  the  temperature  used  was 
1200°C  and  the  time  was  1  hour  for  all  compositions.  X- 
ray  diffraction  was  realized,  data  were  obtained  by  means 
of  an  X-ray  diffractometer  with  radiation  CuKa  with 
1=1.5418  A.  The  electrical  voltage  in  the  tube  was  40kV, 
the  electric  current  was  30mA  and  the  scan  mode  used  was 
fixed  time,  with  a  range  of  20°  to  80°,  0.02  step  and  8 
second  time. 

The  diffractogram  peaks  were  indexed  with  records 
from  the  international  database  JCPDS  (Joint  Committee 
for  Powder  Diffraction  Studies).  After  the  samples  were 
finalized,  observations  were  made  in  a  scanning  electron 
microscope  model  JEOL  SM  5800  LV  with  orders  of 
magnitude  from  about  5000  to  10000  times. 

The  determination  of  the  magnetic  hysteresis  curve  was 
obtained  by  a  homemade  the  vibrating  sample 
magnetometer,  where  the  samples  were  submitted  to 
vibration  with  the  presence  of  a  magnetic  field,  using  a 
magnetometer  to  evaluate  the  magnetic  field  produced. 
Finally,  using  the  unit  cell  volume  obtained  by  X-ray 
diffraction  and  the  unit  cell  mass,  the  theoretical  density  of 
the  materials  was  calculated.  Theoretic  density  is  indicated 
by  Equation  1,  where  mc  is  the  unit  cell  mass  and  Vc  the 
unit  cell  volume. 

_  mc  ... 

Ptheoretic  —  vU 

The  unit  cell  volume  in  the  tetragonal  phase  is 
calculated  by  Equation  2,  where  a,  b  and  c  are  the  lattice 
parameters  of  the  cell.  For  the  hexagonal  symmetry  unit 
cell,  its  volume  is  given  by  Equation  3.  For  both 

conditions,  a=b^c  [16]. 

Vct=a2.c  (2) 
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,,  6a2s[3 

Vch  =  — -a  (3) 

The  lattice  parameters  are  obtained  by  the  relation,  for 
tetragonal  symmetry,  between  the  Miller  indices  and  the 
interplanar  distance  dhku  presented  in  Equation  4  [14].  For 
the  hexagonal  phase  the  lattice  parameters  were  obtained 
through  Equation  5.  The  interplanar  distance  dhki  can  be 
obtained  by  applying  Equation  6.  For  the  calculation  of  the 
unit  cell  mass,  the  sum  of  the  product  of  the  atomic  masses 
by  the  contributing  atoms  in  the  unit  cell.  Atomic  mass  can 
be  calculated  by  Equation  7. 


1  _  h2+k2  l2 

fl2  ~  „2  '  r2 

ahkl  r 


1  4  h2 +h.k+k2  l2 

z2  +  c2 


dhkl  3 
dhk-1  ~ 


nX 


ml 


atomic 


2  LsinG 

mmolar 

NA 


(4) 

(5) 

(6) 
(7) 


III.  EXPERIMENTAL  RESULTS 

To  discuss  the  results,  this  work  was  divided  into: 
scanning  electron  microscopy  (SEM)  analysis,  phase 
analysis  of  BaTi(i.X)Mnx03,  tolerance  factor,  lattice 
parameters,  density  and  magnetic  hysteresis  [17]. 

The  Figures  1,  2,  3  and  4  show  the  SEM  images. 
Figures  1  and  3  present  the  micrographs  of  the  samples  of 
pure  BaTiCE,  while  Figures  2  and  4  show  the  micrographs 
of  the  material  BaT(i_X)MnxCE  with  different  substitution 
concentrations. 

In  the  scanning  electron  microscopy  analysis,  a 
comparison  was  made  between  the  pure  BaTiCE  and  for 
the  substitution  concentrations  of  x=0.01  (Figure  2(a)  and 
Figure  4(a)),  it  was  found  that  the  grains  began  to  suffer  a 
bonding  between  them  but  there  was  no  change  when 
compared  the  grain  sizes. 

In  the  sample  analysis  for  x  =  0.03  (Figures  2(b)  and 
4(b))  a  larger  bonding  was  found  when  compared  to  the 
composition  with  x  =  0.01,  and  some  grains  started  to 
reduce  in  size.  For  the  concentration  of  x=0.05  as 
illustrated  in  the  Figures  2(c)  and  4(c),  it  was  possible  to 
identify  a  larger  quantity  of  particles  assuming  smaller 
sizes  and  a  bonding  between  them  larger  than  those 
presented  by  the  samples  of  smaller  concentrations  of  Mn. 
Figures  2(d)  and  4(d)  shows  the  micrographs  of  the 
samples  with  x=0.1,  in  which  it  is  possible  to  observe 
more  accurately  the  reduction  in  the  grain  sizes  and  the 
manifestation  of  grains  in  rectangular  forms.  In  this  sample 
the  bonding  between  them  becomes  even  larger,  certifying 
that  with  increasing  concentration,  the  grains  join 
significantly. 


Fig.  1:  Micrograph  sample  ofBaTi(i.X)Mri(X)03 
for  x  =  0 
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Fig.  2:  Micro  structural  analysis  of  samples 


(a)BaTi(i-X)Mn(X)03(x=0.01)  (b)  BaTi(i.X) Mn(X)03  (x=0.03 ) 

(c)  BaTi(i-x)Mn(X)03(x=0.05) 

(d)  BaTi(i-x)Mn(X)O3(x=0.1) 

Through  the  micrographs  analysis  it  was  possible  to 
verify  that  the  changes  in  the  grains  occur  due  to  the 
substitution  of  the  Ti  ions  by  Mn  in  BaTiC>3,  generating  a 
reduction  in  grain  size  and  when  examined  in  relation  to  its 
distribution,  it  was  found  that  there  was  a  significant 
bonding  between  them. 


Fig.  3:  Micrograph  sample  of  BaTi(i.X)  Mn(X)03 


for  x  =  0 

The  phase  analyzes  of  the  of  BaTi(i.X)Mnx03  samples 
were  performed  using  the  x-ray  diffractometer,  for  the 
purpose  of  checking  the  purity  of  the  material.  Figure5 
shows  the  diffractogram  patterns  of  pureBaTiC>3  in  a 
temperature  range  from  950°C  to  1200°C.  When  calcined 
at  a  temperature  of  950°C  a  second  phase  can  be  observed, 
which  for  this  case  is  BaCC>3,  the  peaks  were  identified 
with  (•). 


Fig.  4:  Micro  structural  analysis  of  samples 
(a)BaTi(i.X) Mn(X)C>3  (x=0.01 )  (b)  BaTi(i.X)Mn(X)03(x=0.03) 

(c)  BaTi(i-X)Mn(X)03(x=0.05) 

(d)  BaTi(i-x)Mn(X)O3(x=0.1). 
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For  pure  BaTiOs  calcined  at  1000°C,  is  the  same 
situation  where  BaCC>3  is  present  as  a  secondary  phase,  but 
less  evident.  Already  for  pure  BaTiCb  calcined  at  1100  °C, 
BaCC>3  is  present  in  a  small  amount,  but  a  Ba2Ti04  phase 
is  formed,  marked  with  asterisk  (*)  in  Figure  5.  In  the  case 
of  the  pure  BaTi03  calcined  at  1150  °C,  the 

BaCC^quantity  seems  is  lower  than  the  sample  calcined  at 
1100°C,  but  with  a  higher  amount  of  Ba2TiC>4,  as  shown  in 
Figure  5. 

And  finally,  the  diffractogram  of  BaTi03Solid  solution 
calcined  at  1200  °C,  presented  the  most  satisfactory  result, 
because  when  calcined  at  this  temperature  occurs  the 
elimination  of  the  BaCC>3  phase,  leaving  only  the  Ba2Ti04 
phase,  and  thus  presenting  a  smaller  amount  of  impurities. 


7  *  i 

(101) 

1 200  °C 

1  K  .  A 

BaTi03 

*  Ba2TiO< 

•  BaC03 

(100) 

A  *  . 

101)  ft 

1 150  C 

.  *  A  Am-  A  k  ^ 

(i 

.(100) 

•  x  J 

oi>  _ 
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•  1  •  A  ^  A  ,\  .  ^ 
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A • .  -  -*J 
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11  •  ^  •  .  A  , _ 
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Fig.  5:  Difratogram  of  BaTiOs  calcined - 
Temperature  between  950°C  and  1200°C 


Through  X-ray  diffraction  insolid  solution  of 
BaTi(i-X)Mnx03  it  was  possible  to  verify  the  purity  of  the 
material  and  to  identify  the  phases  of  the  same,  the 
diffractograms  are  presented  in  Figures  6,  7,  8,  9  and  10. 
Figure  6  is  the  diffractogram  of  BaTi(i.X)Mnx03  sample 
calcinated  at  1200  °C,  with  concentration  of  x=0.001,  in 
which  a  second  phase  can  be  observed,  which  for  this  case 
is  BaCC>3.  Through  data  sheets  JCPDS  75-1606  and  01- 
0506it  was  possible  to  obtain  the  symmetry  of  the  material 
(BaTi(i_X)Mnx03),  with  tetragonal  characteristics. 

Figure  7  shows  the  diffractogram  of 
BaTi(i-X)Mnx03  sample  calcined  at  1200°C,  with 
concentration  of  x=0.01,  in  which  a  second  phase  of 
BaCC>3  is  also  present,  at  the  peaks  with  an  asterisk, 
according  to  Figure5.  In  this  composition  it  is  still  possible 
to  observe  that  for  BaTi(i_X)Mnx03  there  is  only  the 
tetragonal  phase,  the  data  sheets  obtained  to  find  the 


symmetry  of  the  material  were  JCPDS  75-1606  and  01- 
0506. 


Fig.  6:  Diffractogram  of  BaTi(i.X)MnxOs  calcined  at 
1200  °C for  x=0.001. 


40  60  8 

26  (Degrees) 

Fig.  7:  Diffractogram  ofBaTi(i.X)Mnx03  calcined  at 
1200  °C for  x=0.01. 


In  Figure  8  with  a  higher  substitution  concentration 
(x=0.03)  there  is  now  hexagonal  symmetry,  beyond  the 
tetragonal  in  the  compound.  Through  the  diffractogram  it 
is  also  possible  to  identify  the  presence  of  the  phase 
BaCC>3,  the  data  sheets  JCPDS  used  were  81-2201,  01- 
0506,  34-0129.  Figure  9  with  a  concentration  of  x=0.05 
the  tetragonal  and  hexagonal  symmetry  remains  in  the 
compound,  and  it  is  still  possible  to  identify  the  presence 
of  BaCCb  impurity. 

And  finally,  in  Figure  10,  with  the  highest 
concentration  of  Mn  (x  =  0.1)  it  is  possible  to  observe  that 
the  material  has  only  hexagonal  symmetry.  Moreover,  it 
presents  impurity  in  its  composition,  BaCC>3,  represented 
by  the  asterisk  in  the  peaks. 
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Fig.  8:  Dijfractogram  ofBaTi(i.X)Mnx03  calcined  at 
1200  °C for  x=0.03. 


Fig.  9:  Diffractogram  ofBaTi(i.X)Mnx03  calcined  at 
1200  °Cforx=0.05. 


Fig.  10:  Diffractogram  ofBaTi(i.X)Mnx03  calcined  at 
1200  °C  for  x=0.1. 


Tolerance  factor  analysis  is  given  from  ionic  radius 
(Equation  8).  For  the  structure  to  remain  cubic,  the 
tolerance  factor  must  be  between  0.95  <  t  <  1.0.  Through 
the  calculations  of  the  tolerance  factor  for  BaTiCE  and 


BaTi(i-X)Mnx03  it  is  obtained  that  when  the  substitution  of 
the  Ti  ion  by  Mn  occurs  the  structure  in  no  longer  cubic, 
acquiring  the  property  of  ferroelectricity. 

l  ( Ra+  ro )  /ox 

V2  (RB+Ro)  W 

The  ionic  radius  used  to  calculate  the  tolerance  factor 
were  Mn=0.067nm,  0=0.140nm,  Ba=0.136nm, 

Ti=0.068nm  [16].  For  BaTiCF  the  tolerance  factor  has  a 
value  of  0.94  which  is  a  value  that  is  not  within  the  range 
of  a  cubic  structure,  as  it  has  a  tetragonal  structure. 

The  calculations  were  also  performed  for  the 
compositions  BaTi(i.X)Mnx03  obtaining  a  value  of  0.94,  ie, 
they  also  do  not  have  a  cubic  structure  having 
ferroelectricity. 

Through  the  diffractograms  we  obtained  the  necessary 
data  to  find  the  lattice  parameters  “a”  and  “c”  through 
Equation  4  (tetragonal  symmetry)  and  Equation  5 
(hexagonal  symmetry).  Figures  11  and  12  shows  the  lattice 
parameters  for  pure  BaTiCE  and  BaTi(i_X)Mnx03  at  a 
calcination  temperature  of  1200°C  both  with  tetragonal 
symmetry. 


Fig. 
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11:  Lattice  Parameter  “a  ”  -  Tetragonal  Symmetry  - 
calcined  at  1200°C. 
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12:  Lattice  Parameter  “c  ”  -  Tetragonal  Symmetry 
calcined  at  1200°C. 
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Through  the  analyzes  performed  on  the  samples  it  was 
possible  to  identify  that  the  tetragonal  phase  was  present 
up  to  a  concentration  of  5%  Mn  (x  =  0.05),  increasing  to  a 
10%  Mn  concentration  in  BaTi(i.X)Mnx03  material  causes 
the  cell  to  stretching  and  tetragonal  symmetry  ceases  to 
exist,  and  only  hexagonal  symmetry  is  present.  In  Figures 
13  and  14  it  is  possible  to  identify  that  the  presence  of  the 
hexagonal  phase  can  be  identified  from  the  concentration 
of  3%  Mn  (x  =  0.03),  this  concentration  of  Mn  at  which 
the  cell  starts  to  stretch. 


Fig. 
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13:  Lattice  Parameter  “a  ”  -  Hexagonal  Symmetry 
calcined  at  1200°C. 
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Fig.  14:  Lattice  Parameter  “c”  -  Hexagonal  Symmetry  - 
calcined  at  1200°C. 


From  the  results  of  the  lattice  parameters  it  was 
possible  to  notice  an  inverse  increase  in  relation  to  the 
parameter  “a”  and  “c”  in  the  tetragonal  symmetry,  causing 
an  increase  in  the  c/a  ratio,  which  is  a  favorable 
characteristic  for  the  piezoelectric  and  ferroelectric 
properties.  The  change  of  lattice  parameters  occurs  due  to 
the  substitution  of  Mn  at  the  site  occupied  by  Ti.  Also, 
through  the  diffractograms  and  equations  presented  in  this 
work,  it  was  possible  to  calculate  the  theoretical  densities 
of  BaTi(i-X)Mnx03  samples  for  their  respective 


concentrations.  Results  are  presented  in  Table  2  and 
Figures  15  and  16. 

Table  2  -  Theoretical  densities  of  calcined  powders  at 
1200°C  of  BaTi(i-X)Mnx03. 


Substitution 
Dosage  - 
Manganese 


Phase 


Theoretical 
density  (g/cm3) 


X=0.001 

Tetragonal 

5.9945 

X=0.01 

Tetragonal 

6.0191 

X=0.03 

Tetragonal 

6.0178 

Hexagonal 

2.4967 

X=0.05 

Tetragonal 

6.0337 

Hexagonal 

2.4899 

X=0.1 

Hexagonal 

2.5056 

Q.OC 


0.01  0.02  0.03 

Concentration 


0,04 


0  05 


Fig.  15:  Density  relative  to  Mn  dosage,  Tetragonal  phase. 


The  sample  densities  were  measured  for  each 
concentration  and  since  the  powder  from  which  of  the 
samples  were  calcined  at  1200  °C,  the  theoretical  density 
was  5.98402g/cm3  for  the  tetragonal  structure  and 
2.4974g/cm3  for  the  hexagonal  phase. 
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Another  result  obtained  in  this  work  was  the 
determination  of  the  magnetic  hysteresis  curve  in  order  to 
identify  the  presence  of  magnetism  in  the  samples.  The 
materials  that  presented  such  properties  were  those  with 
concentration  of  5%  and  10%  of  Mn,  with  the  highest 
magnetization  value  obtained  for  an  applied  magnetic  field 
of  15000  Oe,  the  sample  with  the  highest  Mn 
concentration,  ie  x  =  0.1,  was  -  0.05  emu  /  g,  while  for  the 
sample  of  x  =  0.05  the  magnetization  obtained  was  -  0.03 
emu /g.  For  concentrations  below  5%  (x  =  0.05)  the  results 
are  not  shown  as  the  equipment  was  unable  to  measure. 

As  shown  in  Figure  17,  the  material  analysis  for 
x=0.05  showed  low  magnetization,  not  reaching  saturation. 
The  magnetic  hysteresis  curve  shows  an  increase  in 
magnetization  as  the  applied  field  increases,  generating  for 
the  highest  applied  field  intensity  15000  Oe,  the 
magnetization  of  ~  0.03  emu/g,  high  values  when 
compared  to  the  literature.  Rani  et.  al.  (2015)  was  obtained 
for  a  5000  Oe  field,  a  magnetization  of  0.006  emu  /  g, 
while  in  the  present  work,  for  an  applied  field  of  5000  Oe, 
a  magnetization  of  ~  0.01  emu/g  was  obtained.  The 
remaining  magnetization  for  BaTi(i.X)Mnx03  with  x=0.05 
has  values  around  0.0006  emu/g.  At  10%  Mn 
concentration  (x  =  0.1),  the  remaining  magnetization  of 
BaTi(i_X)Mnx03  material  has  a  higher  value  when  compared 
to  the  5%  Mn  concentration  (x  =  0.05)  giving  a  value  of  - 
0.001  emu/g. 


Fig.  1 7:  Magnetic  hysteresis  measurements: 
BaTi(i-X)Mnx03  for  the  concentration  ofx=0.05 


Figure  1 8  presents  the  analysis  results  for  concentration 
of  x  =  0.1.  In  this  material  magnetization  presents  a  better 
result  than  when  compared  to  the  lower  Mn  concentration 
material.  For  this  material,  the  magnetization  has  a  value 
of  -  0.05  emu/g  for  an  applied  field  of  15000  Oe.  Rani  et. 
al.  (2015)  presented  for  this  same  concentration  and  for  an 
applied  field  of  5000  Oe  a  magnetization  value  of  ~  0.017 


emu/g,  while  for  this  same  field  and  concentration,  the 
value  obtained  was  -0.019  emu/g. 

The  tetragonal  to  hexagonal  phase  transformation  of 
the  BaTi03  has  been  reported  at  high  temperatures  leading 
to  high  oxygen  deficiency.  Another  considerable  factor  for 
the  increase  in  oxygen  vacancies  is  the  increase  in  Mn 
concentration,  having  a  greater  amount  of  deficiency  with 
a  higher  Mn  concentration.  Low  substitution  in 
BaTi(i-X)Mnx03  ceramics,  oxygen  vacancies  are  not  high 
enough  for  complete  transition  from  tetragonal  to 
hexagonal  phase.  Induction  of  magnetism  in 
BaTi(i_X)Mnx03  ceramics  occurs  due  to  the  formation  of 
oxygen  vacancies  and  exchange  interactions  between 
different  oxidation  states  of  Mn  [15].  Rani  et.  al.  (2015) 
also  state  that  the  ferromagnetic  order  (FM)  gradually 
increases  with  increasing  concentration  of  ions  Mn  and 
with  the  change  of  oxidation  state. 


Magnetic  field  (Oe) 

Fig.  18:  Magnetic  hysteresis  measurements: 

BaTi(i-X)  MnxOsfor  the  concentration  of  x  =  0.1. 

In  the  analyzes  performed  it  was  possible  to  verify  low 
values  for  remaining  magnetization,  and  it  can  be  verified 
through  magnetic  hysteresis  that  there  was  a  significant 
improvement  in  the  remaining  magnetization  values  with 
the  increase  of  Mn  concentration. 

IV.  CONCLUSION 

Through  the  analyses  of  the  diffractograms,  it  was 
possible  to  identify  a  change  in  the  lattice  parameters  “a” 
and  “c”.  Analyzing  the  samples  that  showed  tetragonal 
symmetry,  it  was  observed  that  as  the  concentration  of  the 
replacement  ion  Mn  increased,  the  lattice  parameter  “c” 
increased,  while  the  parameter  “a”  decreased.  In  order  to 
explain  the  alteration  of  the  lattice  parameters,  the 
influence  of  the  concentration  of  the  Mn  dopant  with 
different  oxidation  states  should  be  taken  into  account, 
being  incorporated  into  the  BaTiCL  tetragonal  and 
hexagonal  systems. 
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As  the  concentration  of  Mn  increases,  cell  stretching 
occurs,  influencing  the  transformation  of  tetragonal  to 
hexagonal  symmetry.  The  incorporation  of  Mn  ions  into 
BaTiCb  tetragonal  cells  causes  crystal  structure  disorder, 
so  the  variation  of  Mn(+3),  Mn(+4)  ions  concentration  in  the 
tetragonal  and  hexagonal  structure  are  responsible  for 
these  changes  in  the  lattice  parameters. 

The  substitution  of  the  Mn  ions  occurs  at  the  Ti  site 
and  is  responsible  for  the  variations  of  the  lattice 
parameters.  The  interaction  between  different  oxidation 
states  of  Mn  may  reduce  or  increase  size  depending  on  the 
ion  to  be  replaced.  When  this  substitution  occurs  between 
the  ions  of  Mn(+3)  and  Ti(+4)  the  lattice  parameters  increase, 
while  when  the  substitution  is  made  by  a  smaller  ionic 
radius,  that  is,  Mn(+4)  occurs  reduction  of  lattice 
parameters.  Thus,  it  is  concluded  that  Mn(+3)  is  located  in 
the  tetragonal  symmetry,  because  with  the  increase  of 
Mn(+3)  concentration,  the  increase  of  “c”  occurs.  While 
Mn(+4)  is  located  in  hexagonal  symmetry,  thus  parameter 
“a”  decreases  with  increasing  doping  concentration. 
Making  sure  that  when  Mn  assumes  the  position  of  Ti,  the 
cell  stretches  as  the  concentration  increases. 

The  phase  structural  transition,  parameter  variation, 
temperature,  particle  size,  impurities  and  defect  density 
directly  influence  the  properties  of  BaTi(i_X)Mnx03.  The 
properties  of  the  material  are  also  completely  dependent  on 
the  concentration  of  Mn,  increasing  the  concentration  of 
the  substituent  ion  is  also  responsible  for  the  change  in 
grain  size.  As  the  concentration  of  Mn  increases,  the 
material  grains  become  coupled  and  reduce  in  size.  Noting 
that  the  micro -structural  growth  habit  and  its  distributions 
are  completely  dependent  on  Mn  concentrations,  and  the 
grain  size  is  responsible  for  the  mechanical  properties  of  a 
polycrystalline  material. 

The  substitution  of  Mn  ions  by  Ti  ions  in  BaTiCb 
generated  magnetic  properties,  and  through  the  magnetic 
hysteresis  curve  it  was  possible  to  identify  that  with 
increasing  manganese  concentration  the  magnetization 
intensity  also  increased.  For  materials  with  a  small 
percentage  of  Mn  substitution,  it  was  not  possible  to  obtain 
magnetic  measurements,  as  they  presented  low 
magnetization. 

A  magnetoelectric  multiferroic  material  originated,  as 
it  presented  ferroelectric  and  magnetic  properties  with 
increasing  doping  ion  concentration,  which  can  generate 
applications  where  the  same  material  can  perform  more 
than  one  task  and  thus  generate  a  growing  interest  in  these 
materials. 
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